Abstract: A novel δ-endotoxin gene from a lepidopteran-specific Bacillus thuringiensis serovar galleriae strain was cloned, and the full sequence of the cry gene was determined. The cloned 6.5-kb DNA fragment included the full sequence of the cry gene and three open reading frames located upstream of the cry gene. The gene, designated cry9Ec1, encodes a polypeptide of 1154 amino acid residues with a predicted molecular weight of 130 237. The deduced amino acid sequence of the Cry9Ec1 protein had the highest homology (77.7%) with the Cry9Ea1 protein when compared with existing Cry proteins. The expression, in an acrystalliferous B. thuringiensis strain, of the cry9Ec1 gene was high when controlled by the cyt1A2 promoter, leading to the formation of large spherical inclusions. The purified crystals from the recombinant strain were toxic when tested against two lepidopteran species, Bombyx mori and Plutella xylostella. However, the Cry9Ec1 protein gave no toxicity against Spodoptera litura, Spodoptera exigua, Plodia interpunctella, Helicoverpa zea, and Culex pipiens molestus.
Introduction
Bacillus thuringiensis is a Gram-positive, spore-forming, aerobic bacterium. During sporulation, it produces parasporal inclusions that cause rapid death of insects of some orders, including Lepidoptera, Diptera, and Coleoptera. Many B. thuringiensis isolates have been characterized for insecticidal δ-endotoxin owing to the potential use of B. thuringiensis for medically and agriculturally important insect pest control. The global sales of B. thuringiensis formulations account for more than 90% of the biological insecticide market containing natural enemies (Carlton and Gawron-Burke 1993) .
This organism was first isolated in Japan by Ishiwata (1901) as the "sotto bacillus" from the diseased silkworm Bombyx mori. Since the discovery of the strain HD-1 of serovar kurstaki, which has a high insecticidal activity against larvae of various lepidopteran insects (Dulmage 1970) , B. thuringiensis has been an agent as a microbial insecticide for controlling insect pests. It has been well accepted that lepidopteran-toxic B. thuringiensis is the most ubiquitous in natural environments and produces genealogically heteroge-neous proteins: Cry1, Cry2, and Cry9 (Bravo et al. 1998; Wang et al. 2003) . More than 50 lepidopteran-toxic holotype toxins exist among the list of the known Cry toxins (http:// epunix.biols.susx.ac.uk/Home/Neil_Crickmore/index.html). The Cry1 proteins, the most common toxins in B. thuringiensis strain libraries, have diverse amino acid sequences and comprise 11 subclasses. They form typical bipyramidal parasporal inclusions; almost all of the Cry1 proteins are 130 kDa in size and proteolytically degraded to approximately 65 kDa proteins for activation. The Cry2 proteins form cuboidal inclusions and exhibit dual toxicity against Lepidoptera and Diptera. They constitute a unique but small group in the Cry protein family. Most of the Cry2 proteins are 70 kDa in size and have only two conserved blocks of the Cry proteins (Schnepf et al. 1998) . To date, Cry1A-resistant lepidopterans, mainly the diamondback moth (Plutella xylostella), have been recorded in the Pacific Rim region (Glare and O'Callaghan 2000) . To overcome the problems of the occurrence of Cry1-resistant lepidopterans, the Cry2A protein is under commercial development because Cry1A-resistant lepidopterans often exhibit little cross-resistance to the Cry2A protein (Kota et al. 1999) . The Cry9 protein family has five subclasses with lepidopteran toxicity occurring at a relatively low frequency in natural environments (Bravo et al. 1998; Porkar and Juárez-Pérez 2003; Wang et al. 2003) . The family is genealogically distant from the Cry1 cluster. This may lead to the development of Cry9 protein based insecticides effective for the control of Cry1-resistant insect populations. Interestingly, Lambert et al. (1996) reported the occurrence of the Cry9Ca1 protein with a strong larvicidal activity against noctuid lepidopterans whose susceptibility to Cry1 proteins is usually low.
In previous studies, it has been shown that (i) the lepidopteran-specific strain 91-KU-149-8, belonging to B. thuringiensis serovar galleriae, produced 130 and 65 kDa proteins in spherical parasporal inclusions (Wasano et al. 2003) and (ii) the strain contained a novel cry9 gene characterized by the PCR technique (Wasano et al. 2001) . However, the gene was not fully sequenced and the bioactivity of the recombinant protein not determined. The objectives of this study were to (i) clarify the complete nucleotide sequence of the cry gene in the serovar galleriae strain and (ii) confirm the toxicity of the novel Cry protein against some lepidopteran species.
Materials and methods

Bacterial and phage strains and plasmids
Strain 92-KU-149-8 of B. thuringiensis serovar galleriae (H5ab) (Ohba and Aratake 1994) was used in this study. The strain T84A1, belonging to the serovar sotto (H4ab), was used as a reference strain that synthesizes the Cry1Aa protein (Ogo et al. 1990 ). An acrystalliferous strain, designated BFR1 (Saitoh et al. 2000) , was used for expression of the toxin gene. The Lambda ZAP express vector (Stratagene, La Jolla, California) was grown in Escherichia coli XL-1 Blue MRF'. The E. coli -B. thuringiensis shuttle vector pHT3101 plasmid (Lereclus et al. 1989 ) was used for expression of the toxin gene in B. thuringiensis. The vector was kindly provided by S.K. Kang, Seoul National University, Seoul, Korea. The E. coli strains DH5α and XLOLR were used for cloning purposes.
Construction of the genomic library
Bacteria were grown on Luria-Bertani broth (pH 7.0) consisting of bactotryptone (10 g), yeast extract (5 g), NaCl (5 g), and distilled water (1000 mL) at 30°C overnight. Total DNA was extracted from B. thuringiensis vegetative cells as described in Kronstad et al. (1983) . The DNA was partially digested with Sau3AI to obtain 1-10 kb DNA fragments. The fragments were ligated to the BamHI-digested Lambda ZAP express vector. The recombinant Lambda ZAP DNAs were packed with Gigapack III Gold (Stratagene) and used to infect the E. coli XL-1 Blue MRF' strain.
Plaque hybridization
Phage clones were screened for cry genes by the plaque hybridization method. Plaques were transferred from the plate onto a Hybond-N + nylon membrane (Amersham Biosciences, Piscataway, New Jersey) denatured with a 400 mmol/L NaOH solution. As a probe, a PCR-amplified DNA fragment encoding a partial cry gene described in Wasano et al. (2001) was used. The probe DNAs were labeled with digoxigenin (DIG) using a DIG DNA labeling kit (Roche Diagnostics, Basel, Switzerland) following the manufacturer's instructions. Membranes were incubated in hybridization solution (5× SSC (1× SSC is 0.15 mol NaCl/L plus 15 mmol sodium citrate/L), 1% blocking reagent (Roche Diagnostics), 50 mmol phosphate buffer/L (pH 7.0), 2% SDS, and 0.1% Nlauroylsarcosine) containing DIG-labeled DNA fragments at 60°C overnight. The membrane was then washed twice for 15 min at 60°C in 0.1× SSC containing 0.1% SDS. The signal was visualized by using a DIG detection kit (Roche Diagnosics) following the manufacturer's instructions.
DNA sequencing and alignment analysis
After selection of positive plaques, in vivo excision in E. coli XLOLR was done following the manufacture's instructions. The plasmid DNA containing the full sequence of the cry gene, designated as pCryF1, was purified with a QIAprep column (QIAGEN, Hilden, Germany). Dideoxy chain termination sequencing (Sanger et al. 1977 ) was carried out using an ABI PRISM™ BigDye terminator cycle sequencing kit (Applied Biosystems, Foster, California). DNA sequencing was performed in an ABI PRISM™ 373 DNA sequencing system (Applied Biosystems). The sequence was determined directly on both strands of DNA using the primer walk method. Alignment analysis was done with the DNASIS program from Hitachi Software Engineering Co. Ltd., Yokohama, Japan.
Nucleotide sequence accession number
The determined nucleotide sequence accession No. at GenBank is AY550111.
Expression of the cry gene
The pHTCyt vector harbouring the cyt1Aa2 promoter upstream from the multicloning site was previously constructed from E. coli -B. thuringiensis shuttle vector pHT3101 by Saitoh et al. (2000) . For expression of the cry gene, the PCR-amplified cry gene was ligated to the NcoI-XhoI site of the pHTCyt plasmid (Fig. 1a) . PCR amplifications were done to obtain the full sequence of the cry gene. The PCRs were done in a 50 µL reaction mixture, which consists of 1 µL of template DNA, 1 µL of 20 µmol (each) primer/L, 5 µL of 10× reaction buffer, 4 µL of 2 mmol dNTP/L, 0.25 µL of polymerase (5 U/µL) (Pyrobest, Takara Bio Inc., Shiga, Japan), and 37.75 µL of distilled water. The designed sequence of the oligonucleotides for PCR were NcoI-F: 5′-ACTTCCCATGGA TCGAAATAATCAAAATGAATAT-3′ and XhoI-R: 5′-ATC TTCTCGAGTTGTGTTTCAATAAACTCAAT-3′ (underlined sequences are recognition sites of the restriction enzymes). These oligonucleotides were purchased from Hokkaido System Science (Sapporo, Japan). The PCRs were performed in a Takara PCR thermal cycler MP (Takara Bio Inc.) for 30 cycles with denaturation at 94°C for 30 s, annealing at 50°C for 30 s, and extension at 68°C for 3 min after preincubation at 94°C for 1 min. The constructed plasmids were transformed to acrystalliferous B. thuringiensis BFR1 by electroporation as described previously (Saitoh et al. 2000) .
Transmission electron microscopy (TEM) observations
For TEM, the samples were fixed overnight at 4°C in 3% (v/v) glutaraldehyde in 0.1 mol Tris-HCl/L buffer (pH 7.2). After postfixation in 2% (m/v) OsO 4 in the same buffer, the pellet was dehydrated in an ethanol -propylene oxide series and embedded in an Epon-812 resin mixture. Ultrathin sections were made with a Sorvall MT2-B ultramicrotome, stained with uranyl acetate and lead citrate, and examined with a Hitachi H-7100 TEM at 75 kV. The dimensions of parasporal inclusions were measured on electromicrographs. For each strain, at least 16 parasporal inclusions were measured.
Gene expression and protein analysis
SDS-PAGE of parasporal inclusion proteins was performed according to the method of Laemmeli (1970) using a 10% gel. After electrophoresis, gels were stained with Coomassie brilliant blue R-250 (Sigma, St. Louis, Missouri). Protein standards (BioRad, Hercules, California) were myosin (205 kDa), β-galactosidase (116 kDa), phosphorylase b (97 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), and carbonic anhydrase (29 kDa). The protein concentration was determined by the method of Lowry et al. (1951) with bovine serum albumin as a standard.
Qualitative and quantitative toxicity tests
Qualitative (single-dose) assays were performed for assessment of the toxicity against Spodoptera exigua, Spodoptera litura, and Helicoverpa zea (Lepidoptera: Noctuidae); Plodia interpunctella (Lepidoptera: Pyralidae); and Culex pipiens molestus (Diptera: Culicidae). For assay against noctuid lepidopterans, 10 second-instar larvae were fed at 25°C for 3 days on an artificial diet (1.0 g) contaminated with 100 µL of purified inclusion suspensions (500 µg/mL). The bioassay against P. interpunctella was conducted by the method of Johnson et al. (1991) , and the bioassay against C. pipiens molestus was carried out by the method of Saitoh et al. (2000) . Quantitative toxicity tests were done with the silkworm B. mori (Lepidoptera: Bombycidae) and the diamondback moth P. xylostella (Lepidoptera: Yponomeutidae). The bioassay against B. mori was done by the method of Wasano et al. (1998) . For assay against P. xylostella, twofold serial dilutions of purified inclusions were prepared in distilled water. Sixteen third-instar larvae were fed at 25°C for 2 days on an artificial diet (2.0 g) contaminated with 100 µL of each dilution. The LC 50 values were determined by probit analysis (Finney 1971) .
Sequencing of N-terminal amino acids
After SDS-PAGE, proteins were transferred onto PVDF membranes as described above. The blotted membrane was washed three times in distilled water, stained with Coomassie brilliant blue R-250 for 1 min, and destained in 50% methanol. Stained bands were excised from the membrane, washed in 20% methanol by voltex, and air-dried. The proteins were sequenced in an automatic peptide sequencer 473A (Applied Biosystems).
Hemagglutination test
For the hemagglutination test, a suspension of 2% (v/v) sheep erythrocytes was prepared in 20 mmol Tris/L buffered saline, pH 8.0. The test was done at 25°C with 96-well microtiter plates. A 50-µL Cry protein solution (1.2 mg/mL) was mixed with 100 µL of 2% sheep erythrocyte suspension and the mixture was incubated for 2 h. Hemagglutination was determined as described in Wasano et al. (2003) .
Results
A recombinant plasmid (pCryF1) harbouring a 6.5-kb DNA insert was obtained from a positive plaque, λCryF1, by in vivo excision. The nucleotide sequence of the 6.5-kb insert was determined (AY550111). The DNA contained four open reading frames (ORFs) including the full sequence of the cry gene (Fig. 1b) . The four ORFs were located in the same orientation with the fourth ORF encoding a novel Cry protein.
The cry gene determined encoded a polypeptide of 1154 amino acid residues with a predicted molecular weight of 130 237, which contained eight conserved regions (Fig. 2) described by Schnepf et al. (1998) . When compared with existing Cry proteins, the deduced amino acid sequence of the Cry protein showed 77.7%, 75.2%, and 72.4% identity to the Cry9Ea1, Cry9Ca1, and Cry9Da1 proteins, respectively, and was designated Cry9Ec1 by the Bacillus thuringiensis Delta-Endotoxin Nomenclature Committee. The N-terminal half of the Cry9Ec1 protein, the activated toxin, had 70.6%, and 63.1% homology with the corresponding region of the Cry9Ea1 and Cry9Ca1 proteins, respectively (Wasano et al. 2001) , indicating that the C-terminal half of the Cry protein was highly conserved among the Cry9 proteins. Two partial amino acid sequences, one N-terminal and the other internal, of the 130 kDa protein of strain 92-KU-149-8 were all contained in the sequences of the deduced Cry9Ec1 protein (Fig. 2) .
A putative ribosome binding site (GGAGG) was found eight bases upstream from the initiation codon. The typical terminator region, a 14-bp inverted repeat, was identified 30 bp downstream from the stop codon. Upstream from the initiation codon of the cry gene, the orf1 gene and a putative promoter region were located, forming a deduced operon with the cry9Ec1 gene. Analysis of the 5′ upstream sequence of the orf1 gene revealed that the putative promoter region was highly homologous to that of the cry2A gene recognized by sporulation-specific Sigma E factor (Lereclus and Agaisse 2000) . The orf1 gene encodes 167 amino acid residues, and the deduced molecular mass of the ORF1 protein is 19.2 kDa.
The deduced amino acid sequence of the ORF1 had 91.3% and 90.8% homologies with that of the ORFs in the cry2Ac1 and cry9Ca1 operons, respectively.
When the cry9Ec1 gene was transformed to an acrystalliferous B. thuringiensis, the gene had a high expression level under the control of a cyt1Aa2 promoter, and the recombinant strain constructed formed large spherical inclusions. The inclusion body size of the strain BFR1 (pCry9Ec1) was 0.90-1.47 µm (mean = 1.17 ± 0.16, n = 19), while the inclusions of the wild-type 92-KU-149-8 strain were 0.45-0.75 µm in diameter (mean = 0.62 ± 0.10, n = 16). The mean crystal volume produced by the wild-type strain and BFR1 (pCry9Ec1) were 0.12 and 0.84 µm 3 , respectively. The crystals of the recombinant strain were approximately seven times larger than those from strain 92-KU-149-8. When these strains were examined with a TEM, the wildtype sporulating cells contained single parasporal inclusions with a protein matrix surrounded by thick highly electrondense envelopes consisting of more than five membranous layers (Fig. 3a) . In contrast, TEM observation of the parasporal inclusions of the BFR1 (pCry9Ec1) strain showed no membranous structure like those formed in parasporal inclusions of the wild-type strain (Fig. 3b) . The SDS-PAGE profile revealed a protein of the predicted size of the recombinant Cry9Ec1 protein (Fig. 4) .
The recombinant strain BFR1 (pCry9Ec1) exhibited larvicidal activity in qualitative bioassays against B. mori and P. xylostella but not for S. litura, S. exigua, H. zea, P. interpunctella, and C. pipiens molestus (data not shown). Table 1 shows the LC 50 values of purified Cry9Ec1 inclusions against third-instar larvae of the silkworm B. mori and third-instar larvae of the diamondback moth P. xylostella. The toxicity level of the recombinant Cry9Ec1 protein against P. xylostella was similar to that of the CrylAa9 protein from strain T84A1. However, when tested with B. mori larvae, the Cry9Ec1 protein was 39 times less toxic than the Cry1Aa9 protein.
No hemagglutinating activity was associated with recombinant strain BFR1 (pCry9Ec1) when tested with sheep erythrocytes.
Discussion
Previously, several investigators reported the occurrence of cry9 genes in lepidopteran-specific B. thuringiensis strains (Lambert et al. 1996; Smulevitch et al. 1991) . This was followed by our finding of two additional cry9-related genes in lepidopteran-specific B. thuringiensis strains producing Note: LC 50 , 50% lethal concentration. The fiducial limit at the 95% level is given in parentheses.
*The reference strain of serovar sotto harbouring the cry1Aa gene. spherical parasporal inclusions (Wasano et al. 2001) . In the present study, one of these two cry genes was cloned and characterized. It is clear from the data that the gene belongs to a novel group within the subclass cry9E. According to the Bacillus thuringiensis Delta-Endotoxin Nomenclature Committee, a new name, cry9Ec1, was assigned to this novel cry gene. It is well established that the insertion sequence elements are commonly distributed adjacent to the cry genes (Rosso et al. 2000) . Interestingly, however, no insertion sequence elements were found in the vicinity of the cry9Ec1 gene. Also interesting is that the orf1-flanking cry9Ec1 gene was identical to various ORFs in B. thuringiensis operons (Wu et al. 1991; Lambert et al. 1996) . At present, relatively little is known of the function of the ORFs (Baum and Malvar 1995) . It should be noted that the putative 19.2 kDa protein encoded by the orf1 gene was not detected in parasporal inclusions of strain 92-KU-149-8 (Fig. 4, lane 1) . Thus, it seems unlikely that the ORF1 plays an important role in the insecticidal activity of the Cry9Ec1 protein. The wild-type inclusion contained the 65 kDa protein as well as the 130 kDa protein. Conceivably, this protein is in native form but not the activated toxin derived from the 130 kDa δ-endotoxin. Inclusions of the recombinant strain lacked the protein of this size.
Our results also revealed that 1.0 kb upstream from the cry9Ec1 gene, there exists a bacteriophage-specific gene 67% identical to a holin gene of the Bacillus cereus prophage encoding an endolysin (Ivanova et al. 2003) . This endolysin is involved in host lysis, especially associated with degradation of the host peptidoglycan (Krogh and J¢rgensen 1998) . It is of great interest that the cry gene was adjacent to the bacteriophage gene. The case resembles the case of the vero toxin gene Stx1, which had been found to be structurally associated with the lysogenic prophage genome in E. coli (Smith et al. 1983 ). At present, no information is available on whether the prophage genome is perfectly conserved or partially truncated. Lacking the nucleotide sequence of the upstream region of the holin-like gene, we could not provide the nucleotide spans of the prophage within the nucleotide sequence determined. Cloning and sequence analysis of the upstream region of the holin-like gene would resolve these questions.
The envelopes surrounding parasporal inclusions disappeared when the cry9Ec1 gene was expressed in an acrystalliferous B. thuringiensis strain. Our previous study revealed that the thick envelopes are commonly associated with spherical inclusions of lepidopteran-specific and coleopteran-specific B. thuringiensis strains (Wasano et al. 2000) . In the present study, inclusion-covering thick envelopes of strain 92-KU-149-8 disappeared when the cry9Ec1 gene was expressed in the acrystalliferous B. thuringiensis strain. The observation suggests that there is no genetic relationship between the synthesis of Cry proteins and the formation of inclusion envelops, thus providing insights into the origin of the envelops.
The Cry9Ec1 protein from recombinant strain BFR1 (pCry9Ec1) had high larvicidal activity against P. xylostella. The toxicity level of the Cry9Ec1 protein against third-instar larvae of P. xylostella was similar to that of the reference Cry1Aa9 protein. In contrast, when tested with B. mori, the Cry9Ec1 protein was 39 times less toxic than the Cry1Aa9 protein. It also appeared that the Cry9Ec1 protein is nontoxic to S. litura, S. exigua, H. zea, P. intepunctella, and C. pipiens molestus. These results suggest that the insecticidal spectrum of the Cry9Ea1 protein is substantially narrow compared with other lepidopteran-toxic Cry proteins. Our ongoing study is the screening of the receptor for the Cry9Ec1 protein from P. xylostella to elucidate whether the receptor is different from those of the Cry1A proteins.
In a previous study, we observed lectin activity in alkalisolubilized inclusion proteins of strain 92-KU-149-8 (Wasano et al. 2003) . However, no hemagglutinating activity was associated with the Cry9Ec1 protein of the recombinant strain. Conceivably, another factor is responsible for hemagglutinating activity in strain 92-KU-149-8, such as in the case of the serovar israelensis strain (Berry et al. 2002) . 
